o d e PSR PSS NN
oA e T 2 %‘Yfﬁ“mw i e A gD ety F TR Y R
R TRRET S G b - L

.. ,
T ER T HAE o RO STt bk AR AeaE Ny

AMMRC TR 77-4 {AD |

038837

=~ MONOTONIC AND LOW-CYCLE FATIGUE
<RESPONSE OF A MARAGING STEEL AND
* METASTABLE BETA TITANIUM ALLOY
UNDER TORSIONAL LOADING

T
5
%
=
=
&
B4
=
>
5
5
3

PETER T. LUM and RICHARD CHAIT
ENGINEERING STANDARDIZATION DIVISION

February 1977

e

Approved for public release; distribution unlimited.

TR S
s

ARMY MATERIALS AND MECHANICS RESEARCH CENTER
' Watertown, Massachusetts 02172

ne nu.,

- BB miE copy

ARG AN

3
!
1
i
3
i
r
i
¢
1
¥

- 2, -
- N U T a L Ve L T e Yo Tro bty wn
B Ty S T e,
. -




= g BT

- R L
- LB e :
o T L X F TS
== T [
A\
*
.3
- ‘f
s A
%)
X3
N
=
The findings in thic reoo-t are NOT 10 be constryed as ar cfficial
Demumenx of the Aty POsItion, unleg 80 designares by ohe
, atithorized documaenys,
S| ;
4
ks 3) . Ment.on op AV trade names or manufacoyrers q 148 renorg
R shall not pe construed 35 zovers
- 1 v

USing nor a N offhcia
ndorsemneny
. the Uniteg States Gove.nment,

‘;‘15 W2

R
o .
3

Loy "’{"""’a“’

T

DISFOSITION INST: RUCTIONS
s

Oestroy theg 162011 wlien ot o5 o lo~ger needeq
D0 not retwen 4y 10 1he of gunator,

ey - 2
) ) = i
- i ey o e o
ot e N I T L e
[PPSO e —
: [P
PEATC.




-,

N e e L S A P L e A e oS st S T R e S I A e T i N
= k2
oo E:
- ES
¢ UNCLASSIFIED |
e P SECURITY CLASSIFICATION OF THIS PAGE (When Date Enteved) E
s B REPORT DOCUMENTATION PAGE BER O oD R :
- C3 ﬁ. GOVTY ACCESSION NOJ] 3. RECIPIENT'S CATALOG NUKSER E
AMMRC-TR-77-4 ‘/ 3
;: 4. TITLE (and Sudiirle) 6 TYPE OF REPORT & PERMOD COVERED P
; é ,MO\OTONIC AND, ww-cy CLE _FATIGUE REaPONSE =
i “OF A,MARAGING STEEL AND METASTABLE BETA m 5
2 ; / TITANIU\l ALLOY “UNDER J‘ORSIO\AL LOADI?\G . om OWG. WEPORT NUMBER . %
_‘? - N 7. AUTHOR(s) 8. CONTRACT OR GRANT NUNMBENR(s) : :
e et M,
2 : / // J Peter T. ILum snd Richard/Chait §
<5 t . E
s 9. PERFORMING OR! M ADDRESS RS &
Amny Materials and Mechanics Research Center /A Project f1T1621F5AH84 k:
watertown, Massachusetts 02172 \-/ Code:612105. 11-.H8400 X
3 DRXMR-E ency Accession; DA OR4691 5
;:’; 11. CONTROLLING OFFICE NAME AND ADDRESS REPORT DATE g
3 U. S. Army Materiel Development and Readiness(z Feb 2977 /
2 Command, Alexandria, Virgiria 22333 T NUMBER OF PAGES y
g"l 72, WONITORING AGENCY_NAME & ADDRESS(If dillerent frem Contrallicg Oftice) | 15. SECUMITY CLASS. (of this report) =
' 2 P Unclassified 2
3 N F' 15a. DECLASSIFICATION/ DOWKGRADING . B
o SCHEDULE :
3 T OTRRGTION SYATERERT (o7 s Koo E
‘:{ [
] S .
b, Approved for public release; distribution unlimited. 3 Z
3 i
ék «
i 17. OISTRIBUTION STATEMENT (of rhe abstract entored in Black 0. if @iiforent frem Kopert) 1: ‘
T ‘
- C=ray / i ;
2 : 1. SUPPLEMERTARY NOTES m e sz >
1 3 " IRV g
e . WLEETIT a
X ; EURER
:‘ 19 XEY WORDS (Continue on reverse oide i! necossary and ldentily by block number) -
55 3 Titanium alloys Low-cycle fatigue qﬁ.n-,famm“ waes E
< 3 Maraging steel Monotonic response — T T *
1 Torsional response NICRN IR g
i 5
> 20 ABSTRACT (Continue on reverse aide if necessery and idenitty by Block number) =
3 o =
<3
o (SEE REVERSE SIDE) 5
&
o

.
2 e

403 205

COTION OF TNOVESISOBSOLETE .. - v . .\ .. ...,

A D A

e
5




RN

Y

/R AV T

5

Lt

AR (43 3

o o

AL

Vil

)

R Pl o S F R AN T (DT (1 0 P 30 B o 1 % oy g 104 T en F5 L R~ mst o1k e A e o
g
kY
e
e
¥
UNCLASSIFIED ;‘;
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered) ;
Block No. 20 3
K
&]‘ ABSTRACT 2
£

This study deals with the torsional resporse of Ti-8823 and 18Ni
(200) maraging steel. The effect of different heat treatments and the :
subsequent change in microstructure are investigated. In the case of o
the Ti-8823, a comparison was made between the solution-treated-and- 3
aged condition, and the direct-aged condition. It was found that the -
finer precipitate morphology in the DA material offered a greater re- .

sistance to torsional fatigue. For the 18Ni (200) maraging steel, an

increase of sging time from 3 to 98 hours led to a substantial increase

in the amount of reverted austenite, which in turn ied to a significant

improvement in torsional fatigue behavior. The results are analyzed in g

terms of the Manson-Coffin equation\'\\ %
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INTRCDUCTION

- Much of the designer's information is based on a material's response to
tensile deformation. However, when service requirements are clearly nonuniaxial,
it behooves the designer to obtain information which more closely approximates
service loading conditions. Designing components to carry torsional loads such
as with torsion bars is an example. Torsional loading has been accompanied by
nonuniform deformation which is unlike that observed under tensile loading.!”3
For example, the 18Ni maraging steel family exhibits an excellent combination
of toughness, strength, and ductility. Here, strength and ductility refer to
behavior under tensile loading. However, under torsional loading 18Ni maraging
steels compared to other high strength steels shows a marked decrease in strain
to fracture.? This report examines aspects of the torsional deformation of 18Ni
(200) maraging steel which may improve its performance under monotonic as well as
strain-controlled torsional fatigue loading.
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Strength values in the range provided by the 18Ni (200) maraging steel are
- also possible with metastatle beta titanium alloys. However, there appears to be
little data in the literature regarding behavior of these titanium 21loys under
either monotonic or cyclic torsional loading. Therefore, the present effort also
concerns itself with the metastable beta titanium alloy Ti-8Mo-8V-2Fe-3Al, hence-
forth termed Ti-8823.
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MATERIALS AND TEST FROCEDURE

s

The chemical composition for the 18Ni (200) and Ti-8823 alloys are shown in
Table 1. The heat treatments that were utilized are detailed in Table 2. The
Ti-8823 was given either the generally recommended solution treatment and age
(STA) heat treatment or direct age (DA) after hot work. The heat treatment for
18Ni (200) steel includes z ireatment that provides substantial amounts of re-
verted austenite. This treatment was used by Pampillo and Paxtor* to improve
the tensile properties. The amount of reverted austenite present in the material
after this heat treatment was determined by X-ray diffraction analysis to be
approximately 37 percent.

[ty

<1 Solid cylindrical specimens approximately 0.200 inch in diameter were tested
7 in a 2000 in.-1b Instron torsion machine. Monotonic torque-twist curves were

; obtained from each hcat-treated condition. In addition, strain-controlled low-
cycle fatigue tests were conducted in torsion to obtain the plastic shear strain
range (&yy,) versus number of cycles to failure (Ng) curves. A cyclic strain
hardening exponent n' was obtained from a least-squares fit of the log-log plot
of the shear stress versus shear strain utilizing stress values obtained from
steady-state hysteresis loops at different 8yp levels.
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1. POLAKOWSKI, N. H.. and MOSTOVOY, S. Trensient and D Instebilsty in Torsion. Trant. ASM, v. 54, 1961, p. 567.

2. SPRETNAK, 3. W. Plastic Instebility in Some Ultro-High Strength Stecls. Trans. Japan Institute of Metals, v. 9, 1968, p. 305.

3. CHAIL, R. How end Frecture of High Strength Steels in Torsson. ). Test and Evaluation. v. 1, 1973, p. 435.

4. PAMPILLO, T. A, and PAXTON, H. W. The Fffect of Keveried on the Meck: ! Prop, end Tough of 12Ni
and 18Ni{200) Mcreging Stecls. Met. Trans., v. 3. 1972, p. 28985.
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Table 1. CHEMICAL COMPOSITION (KEIGHT PERCENT)

Aoy Hi Co ¥ T Al ¥n S ? S C
8% (269) 1.3 8.5 3.22 0.22 9.03 0.04 0.6 0.005 0.008 0.008
Steel

Al ¥V ¥ Fe Sn Cu C ¢ H i)
Ti-g823 3.08 8.08 7.80 2.07 - - 0.035 0.133 0.0C6 0.010

Table 2. HEAT TREATFENT OF VARAGING STEEL AND TITANIUM ALLOY

Austanitizing or
Soluticnizing Aging
Alloy Treatzent Treatzent Cocrent

18%i (200) 1500 F(1 hr) S00 F(3 hr) Custosary teat treatment
1500 F(1 hr) 968 F(S8 hr) Reverted austenite heat

treatrent
Ti-8823 1475 F(1-1/2 hr) 1000 F{Ehr)  STA heat treatcent
- 950 FIE hr) DA heat treatoent

RESULTS AND DISCUSSION
Torsional Stress-Strain Curve (Monotonic)

The monotonic shear stress-shear strain curves for 18Ni (200) and Ti-8823
alloys are shown in Figures 1 and 2. From these curves, strain hardening dif-
ferences were determined since it has been shown that one of the factors influ-
encing torsional ductility is the strain hardening behavior. In their work
with 2024 aluminum Fields and Backofen® have shown that a low strain hardening
rate is a contributing factor to the occurrence of nonuniform torsion deforma-
tion. The 18Ni (200) steel given the customary heat treatment displays a defi-
nite tendency toward localized deformation upon monotonic loading as shown in
Figure 3. As expected, the presencce of the localized defornation reduces the
strain to fracture. Using a power-law relationship 1 = Ky™ between the shear
stress 1 and shear strain y, the strain hardening exponent n of 18Ni (200) steel
given the custosary heat treatment is approximately 0.05. The 18Ni (2060) steel
given the reverted austenite heat treatment exhibits a stress-strain curve where
n =z 0.07. In line with this trend is the fact that the material given the re-
verted austenite heat treatient exhibited a greater value of strain to £racture
without a decrease in strength.

The same trend is seen with the Ti-8823 material. For the material given
the DA heat treatment, n = 0.11, while the STA heat treatment leads to n = 0.0S.
Therefore, it is not unexpected that the strain to fracture for the DA material
is greater than for the STA material at about the same shear strength level.

It was mentioned that the enhancenent of torsional ductility in the 18Ni
(209) steel was due to the presence of reverted austenite and its effect on the
material's capacity to strain harden. Microstructural differences also exist
for Ti-8823. As shown in Figure 4, material given the age treatment directly
after hot working shows a fine, unifornly distributed network of alpha particles,

S HIFLIDS, D S, and BACKOFEN, W. A De of Scrain Harderieg Cherscieristics by Toraor Testing. f1oc. ASTM,
v, $7,1957. p 1289
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whereas material given the STA heat treatment possesses alpha precipates which
are coarse compared to DA material. This is due to the effect of the intermedi-
ate solutionizing treatment.® It is interesting to note that DA microstructure
also restlts in better fracture toughness, yvield strength, tensile strength, and
tensile ductility than the STA material.S

Torsional Low-Cycle Fatigue Behavior - byp Versus Ng Curves

Factors that influence the monotonic torsional stress-strain curves would
also be expected to have a pronounced effecct on the low-cycle fatigue behavior.
The torsional low-cycle fatigue test results are shown in Figures 5 and 6 where
by, (plastic strain range) is plotted as a function of Ng (cycle to failure) for
both Ti-8823 and 18Ni (200) steel. For Ti-8823, there is a marked difference
between the DA and STA materials. For a given strain range, the DA material ex-
hibits a higher Nf. The same is true for the 18Ni (200) steel given the reverted
austenite heat treatment.

Visual obscrvations made during the cycling of the 18Ni (200) steel show
the higher resistance to torsional deformation of the material givern the reverted
austenite heat treatment. Localized deformation bands shown in Figure 3 provide
sites for surface cracks of the type shown in Figure 7a during deformation of
the material given the customary heat treatment. VFhile material given the re-
verted austenite heat treatment does have some cracks as shown in Figure 7b,
they are less numercus than those shown in Figure 7a for regularly heat-treated
material, despite the order of magnitude difference in ayy.

6. CHAIT. R., and IXSISTO. T. S. An Ercluction of Some High Strentth Titanmum Alloy s Processed 1n Heery Section,  Asmy
Mzteriats and Mechanws Rescarch Center, AMMRC PTR 25-3, September 1975,
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Analysis of Low-Cycle Fatigue Behavior

Efforts to characterize the low-cycle fatigue behavior are well known.”
It was found that tensile low-cycle fatigue behavior can be described by

R
Ne Acp = constant m
where Acp is the plastic strain range.

A more general form of the equation was obtained by Feltner and Morrow .8

c

N =

.\f Acp constant )
Here, the damage encrgy is considered to result primarily from plastic work and
is assumed to be constant. Assuming an cxponential relationship between plastic
stress and plastic strain, one arrives at

¢ = -(1/1+n) 3)

7. TAVERNELLL D 1 and COLEIN, L. 1. Jt A Compdetion and Intuepretenion of Cvelic Stran Fetigue Tests on Metzls, Trans
ASM v. 511959 p 438

8 TILTNER,C L., and MORROW, J D. Mucroplestzc Sreain Hysterests Frergy &5 ¢ Critenson for Fotrgue Frecture. Joutnat of
Bauc Lagmeenng, March 1961, p 18
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3 where n is the strain hardening exponent. Halford and Morrow? took the plastic 7
: zone size into account and obtained 3
=3 ¢ = -(1/1+5n) 4 €
. Equation 4 was also utilized to analyze the torsional low-cycle fatigue
x behavior of several alloys, both ferrous and nonferrous.? Using strain harden- 22
& ing exponent values obtained from monotonic torsion tests, satisfactory agreement b
X was obtained between the measured and actual siope of the Ay, versus Ng curves. ¢
e It was noted that perhaps one should use the strain hardening exponent represen- =
% tative of cyclic behavior (n') rather than monotonic behavior. In the present 3
4 study both n and n' were utilized in conjunction with Equation 4 to calculate the k.
33 slope of Ay, versus Ng curves and compare it with the value obtained from the z
3 actual slope. From the comparison shewn in Table 3, it is seen that utilizing 3
¥ n' values results in better agreement. 3
2t
& Teble 3. COMPARISON OF ACTUAL AND CALCULATED SLOPES OF ’i
s 2yp VERSYUS Mg CURVES E
- Heat Measured Calculated Slope p
2 Faterials Treatrent n n' Slope  -{1/148n) -(1/145n") z
- Ti-8823 STA 0.05 0.123 -0.48 -0.80 -0.62 bt
s oA 0.1 011 -0.26 -0.64 -0.65 E
G 1887 {200) Reverted 0.07 0.13  -0.47 -0.74 -0.60

Rustenite 3
4 Regilar  G.05 0.13 -0.55 -0.93 -0.61 ¥

. >
2 NOTE: n and n' are the values of the strain hardening exponents %
5 obtained from monotonic and cyclic tests, respectively. =
= %

! CONCLUSION 3
-
This study has examined the torsional response of two high strength alloys, It
.:‘5 an 18Ni (200) maraging steel and a Ti-84c-8V-2Fe-3A1 alloy. Both monotonic and 2
G low-cycle fatigue behavior were examined. The following conclusions were made.

A . 3
s ' 3
Q: 1. Compared to 18Ni (200) steel given the customary heat treatment, increas- B
2 . ing the amount of reverted austenite improves resistance to torsional deformation :
ot ) under monotonic as well as low-cycle fatigue loading. E:
ny R
¥ . S
';-:'- 2. Direct agirg after hot working provides Ti-8823 with better resistance by
. K to torsional deforwation (both monotonic a2nd low-cycle fatigue) than does the o
. . more cormon solution-treat-and-age heat treatment. <
= 1 kY
R} =
¥ 3. These improvements are thought to be associated in part to increased b
“,;g strain hardening capacity.

. 3 4. The low-cycle fatigue behavior caa be analyzed using the representation :

v 1 of Halford and Morrow. Good agreement was obtained between calculated (using
[ cyclic strain hardening values) and measured values of the slope of the Ayp
e 3 versus N¢ curves. %
& : 9. HALFORD, G. R.. tnd MORROW, J. D Low Cycle Fotiguc in Torsson. Proc. ASTM, v. 62, 1962, p. 695. =
S 10 VAN SWAM, L. F., PELLOUX, R. M., ard GRANT, N. J. Fatigue Behertor of M. Steel 300. Metallurpeal T A, 9
-3 v. 6A, Jamuary 1975, p. 45. 3
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